Background: Temozolomide (TMZ) is widely used for chemotherapy of metastatic melanoma. We hypothesized that epigenetic modulators will reverse chemotherapy resistance, and in this article, we report studies that sought to determine the recommended phase 2 dose (RP2D), safety, and efficacy of decitabine (DAC) combined with TMZ.
introduction
Melanoma incidence is rapidly increasing throughout the world. Based on the American Cancer Society estimates, in 2012 there were ∼76 250 new cases of invasive melanoma in the United States resulting in 9180 deaths [1, 2] . The prognosis for patients with metastatic disease remains poor, with a 5-year survival rate of 6% and median overall survival (OS) of ∼6-8 months [3] . The anti-CTLA4 antibody, ipilimumab, was the first agent to improve survival of metastatic melanoma, with the median survival of 10.9 months and the 1-year OS rate of 48%; the objective response rate (ORR) was only 10.9%, as was the increment in survival at 2 years [4, 5] . Small-molecule inhibitors of mutation-activated BRAF have achieved unprecedented response rates exceeding 50% with improved survival as well. However, this benefit is limited to patients whose tumors harbor the BRAF V600E mutation (40%-50% of patients) and is not associated with durable responses (median duration ∼6 months) [6, 7] . Therefore, alkylating agents remain an important therapeutic option particularly relevant for metastatic melanoma with wild-type BRAF and for disease that has progressed on ipilimumab and/or BRAF-directed therapy. Dacarbazine (DTIC) is the only Food and Drug Administration-approved chemotherapeutic agent in current use for the treatment of metastatic melanoma, despite response rates of ∼10% in phase III trials [8] [9] [10] . Temozolomide (TMZ) is spontaneously converted to the same active metabolite 3-methyl-(triazen-1-yl)imidazole-4-carboxamide after oral administration and has shown clinical activity at least equivalent to DTIC against melanoma [8] .
The O 6 -methylguanine (O 6 -MeG) base lesion is responsible for the cytotoxicity of TMZ and directly repaired by the DNA repair protein O 6 -methylguanine-DNA-methyltransferase (MGMT), leading to cell survival and clinical drug resistance [11] . However, the cytotoxicity of the O 6 -MeG lesion results only when a functional DNA mismatch repair (MMR) pathway exists to recognize the damage and initiate cell death. MMR deficiency is often induced by epigenetic silencing of key MMR genes, such as MLH1, through hypermethylation of its promoter region and can be reversed with hypomethylating agents [e.g. decitabine (DAC)] [12] . DAC has been utilized as a cytotoxic agent at high doses but ample evidence indicates that doses that are 30-fold lower can exert epigenetic effects in human studies, which is more amenable to combination therapy [13, 14] . We have observed a significant inverse association between MLH1 promoter methylation and clinical antitumor response and OS in a retrospective study including 66 melanoma patients at our institution (unpublished data) [15] . We, therefore, hypothesized that the combination of TMZ and DAC will effect dual modulation of DNA repair through the depletion of MGMT and re-expression of MMR proteins, resulting in improved clinical response. In this article, we report the results of a phase I/II clinical trial of the combination of DAC and extended-schedule TMZ to reverse melanoma resistance to TMZ. To our knowledge, this is the first reported approach to dual DNA repair modulation in the clinic.
patients and methods

study design
The study was a non-randomized open-label phase I/II clinical trial conducted at the University of Pittsburgh Cancer Institute (UPCI 07-008, NCT00715793 on clinicaltrials.gov) supported by Eisai, Inc. and Schering Plough Research Institute (now Merck, Inc.). Analysis was supported by the Melanoma Program of the UPCI, and a Developmental Project to HT from the Skin Specialized Program in Research Excellence (SPORE) in skin cancer. The protocol was reviewed and approved by the University of Pittsburgh Institutional Review Board and all patients signed informed consent. The investigators designed, conducted, and analyzed the study independently. Toxicity assessments used CTCAE v3.0 and efficacy assessments with a computed tomography scan carried out every 12 weeks, using RECIST v1.0.
patients
The eligible patients had non-resectable stage IIIB/C or stage IV metastatic melanoma; either no prior therapy or have progressed despite prior therapies. Prior biological therapy was allowed, and one line of prior chemotherapy was allowed if it did not include TMZ or DTIC. Patients had to have an Eastern Cooperative Oncology Group performance status (ECOG PS) ≤2, adequate bone marrow, renal, and hepatic function. Patients with treated brain metastases were allowed if stable for >4 weeks or >2 weeks if treated with stereotactic radiosurgery.
chemotherapy regimen
DAC was administered at the specified dose level, intravenously over 30 min, daily for 5 days a week for the first 2 weeks of a 6-week cycle. TMZ was administered orally at 75 mg/m 2 daily for 4 weeks (weeks 2-5) of a 6-week cycle (Figure 1 ). The dose of TMZ was fixed throughout the phase I and phase II portions of the study. In the phase I portion, only two dose levels of DAC were used: 0.075 mg/kg at dose level 1 (DL1) and 0.15 mg/kg at dose level 2 (DL2).
statistical considerations
Two dose levels were explored in the phase I portion of the study. A modified 3 + 3 'up and down' design was used. Given the knowledge that DAC exhibits its epigenetic effects at 30-fold lower doses than at its maximum-tolerated dose (MTD), we did not intend to escalate DAC to the MTD, but to utilize a dose of 0.15 mg/kg, if determined to be safe, as the recommended phase 2 dose (RP2D) [13, 14] . Patients were considered assessable for toxicity if they received one complete cycle of therapy, or if they did not complete the cycle secondary to toxic effects. Non-assessable patients were replaced. Dose-limiting toxicities (DLTs) were defined as grade 4 neutropenia or thrombocytopenia which lasts >7 days; grade 3 or 4 febrile neutropenia; grade 3 or greater non-hematological toxic effects. A Simon two-stage design was used to evaluate the efficacy of the treatment at RP2D. A response rate of ≥21% was considered worthy of further testing, while a response rate of ≤7% was not. In the first stage, if at least 1 of 14 patients responded, an additional 20 patients would be recruited. A total of five or more responses (out of 34 assessable patients) would lead to the conclusion that the treatment is worth further study. The type I and type II errors were 10% and 15%, respectively. The KaplanMeier method was used to estimate the OS and the progression-free survival (PFS). PFS was defined as the time from study entry until the documented radiological or symptomatic progression; OS was defined as the time from study entry until the death or date of last contract. To compare the OS and PFS of the patients in the current trial with historical controls, adjusting for important clinical prognostic factors, we used the tables provided by Korn et al. [16] and estimated the expected benchmark 1-year OS and 6-month PFS rates based on the patients' gender, visceral disease status, and brain metastasis status. The observed 1-year OS and 6-month PFS rates were compared with the expected estimates by a onesided exact binomial test. All statistical analyses were carried out using R (version 2.11.1, http://www.R-project.org).
pharmacokinetic sampling
Samples for pharmacokinetic (PK) analyses were obtained on the first 14 patients. On days 1 and 8, blood samples were collected at 0, 15, and 30 min ( just before the end of DAC infusion); and 5, 15, 30, 45, 60 min, 2, 4, 6, and 23 h after the end of DAC infusion. PK analyses were carried out for both DAC and TMZ ( please refer to the supplementary data for details, available at Annals of Oncology online).
pharmacodynamic sampling
Pharmacodynamic sampling was carried out on all accrued patients. During cycle 1 on days 1, 8, 15, and 29, whole blood was collected and peripheral blood mononuclear cells (PBMCs) isolated, core tumor biopsies were optional and obtained from six consenting patients with accessible, evaluable disease ( please refer to the supplementary data for details, available at Annals of Oncology online). A total of 39 patients were enrolled in the study between July 2008 and September 2010. The phase I part of the study enrolled three patients to DL1; however, one patient did not complete cycle 1 secondary to disease progression and was replaced. No DLTs were observed and dose escalation proceeded to DL2. Six patients were enrolled on DL2 and no DLTs were observed. DL2 was, therefore, declared the RP2D and enrollment to the phase II part started. The six patients treated on DL2 were analyzed with the phase II population. A total of 35 patients were enrolled in the phase II part, of which two were not assessable for tumor response (Table 1) . The median number of cycles administered was two, with 20% of patients receiving more than four cycles; the total number of administered cycles was 101. All patients were off-study at the time of data cut-off on 31 December 2011.
toxicity
Hematologic toxic effects were common representing most grade 3/4 toxic effects observed. Neutropenia occurred typically at weeks 4 to 5 and the patients recovered in 1-2 weeks. Neutropenic fever occurred in only two instances which was managed successfully with antibiotics and growth factor support. Grade 3/4 neutropenia lasted for more than 7 days in 6 out of 34 patients assessable for toxicity on DL2 for an overall DLT rate of 18%. Dose modifications allowed patients to continue treatment and only two patients ultimately discontinued therapy secondary to toxicity. Growth factor support was only used in patients with neutropenic fever. Common non-hematologic toxic effects were grade 1/2 fatigue (59%) and grade 1 nausea (54%) ( Table 2 ).
efficacy Thirty-three patients were assessable for response on the phase II portion. Of those, two patients had complete responses (CR), four had confirmed partial responses (PR), 14 had stable disease (SD), and 13 had progressive disease (PD). The ORR was 18%. The disease control rate (DCR) comprised of CR + PR + SD was 61% (Figure 2 ). The median PFS was 3.4 months, and the 6-months PFS rate was 32% [95% CI 20% to 53%] ( Figure 3B ). The median OS was 12.4 months [95% CI 10.4-20.4 months]. The 1-year OS rate was 56% [95% CI 41% to 75%] (Figure 3a) . Eighteen (18) out of the remaining 33 patients survived beyond 1 year, which is significantly higher than the estimated 1-year OS rate of 16.6% for these patients (P < 0.0001, Table 2 ). Twenty-three (23) out of the 34 patients either progressed or died by 6 months, making the 6-months PFS rate 32.4%, which is significantly higher than the predicted historical 6-month PFS rate of 14% (P = 0.004, Table 2 ). The mutational status was only available for 13 patients, and of these only 4 had BRAF V600E mutation and there was no association with clinical response or survival.
pharmacokinetic and pharmacodynamic analyses
Pharmacokinetic data were available for DAC in 15 patients and for TMZ in 14 patients. We did not observe statistically significant changes in DAC pharmacokinetic parameters between day 1 and day 8 ( Figures 4A and B , and supplementary Table 3S , available at Annals of Oncology online). Likewise, we did not observe statistically significant differences between observed apparent clearance and predicted apparent clearance for TMZ ( Figure 4C , and supplementary Table 2S , available at Annals of Oncology online).
In six patients, tumor tissues and PBMCs were available from pre-and post-treatment (supplementary Table 5S , available at Annals of Oncology online). We investigated the changes in promoter methylation and gene expression of all DNA repair genes including MGMT and MMR genes but did not identify significant changes. Interestingly, DAC seemed to induce hypomethylation of p16 and HgF promoter regions associated with increased gene expression in five of six cases (83%). Both the genes have been implicated in response to DAC in patients with MDS, AML, and sickle cell disease [17] [18] [19] .
discussion
In this phase I/II study, we have determined that DAC can be safely added to extended-schedule TMZ and leads to improvement in response rates as well as progression-free and OS rates for patients with metastatic melanoma.
Alkylating agents continue to have a role in the treatment of metastatic melanoma, limited chiefly by the development of chemotherapy resistance. Modulation of DNA repair mechanisms has the potential to reverse chemotherapy resistance and improve the efficacy of alkylators [20] .
The MGMT levels are associated with alkylator resistance and the MGMT promoter methylation status has served as a predictor of response to alkylator-based therapy in glioblastoma multiforme. Unlike other DNA repair -(4-bromothenyl)-guanine (lomeguatrib) confirmed that O 6 -MeG analogs lead to increased myelosuppression that is not paralleled by an increase in the efficacy of chemotherapy in several malignancies including melanoma [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] .
A low-dose extended-schedule administration of TMZ offers more sustained MGMT inhibition, while the total delivered dose of the alkylating agent exceeds the standard 5-day regimen [32] . In a large EORTC randomized phase III trial, TMZ given on a 'week on-week off' schedule showed a minor increase in response rates (10% versus 14%, P = 0.05), although it did not impart any survival benefit over DTIC [33] .
The lack of clinical efficacy observed with the single-pathway inhibition of MGMT could be, in part, due to the dependence of this pathway on a functional MMR system for cytotoxicity to occur [15] . MGMT provides an efficient mechanism of repair for O 6 -MeG, while MMR transforms it into a lethal lesion by initiating apoptosis. In the absence of MMR, O 6 -MeG persists without leading to apoptosis and the affected cell survives. MMR deficiency occurs primarily through epigenetic silencing of the key MMR genes by promoter methylation, which can be reversed using epigenetic modulators such as DAC [34] . We have identified the promoter methylation of MLH1 to be strongly associated with decreased clinical response and survival in a retrospective cohort of melanoma patients (unpublished data) [15] . Treatment with DAC has Each patient is counted at most once within each type of adverse event. NOS, not otherwise specified.
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been reported to lead to re-expression of MLH1 resulting in a proficient MMR system and sensitizing cancer cells to the cytotoxic effects of chemotherapy [13, 35] . DAC induces hypomethylation in tumor xenografts associated with increased sensitivity to carboplatin [35] . A phase I clinical trial of DAC in combination with carboplatin (Bristol Myers Squibb, New York, NY) determined the MTD to be DAC IV at 90 mg/m 2 (day 1) followed by carboplatin IV at area under the curve 6 (AUC 6, day 8) every 28 days. DAC produced a reduction in DNA methylation similar to that observed in the xenograft model [36] . For an individual with an average body surface area of ∼1.7 m 2 and 75 kg in weight, this would amount to 0.2 mg/kg given daily IV for 10 days. This is roughly equivalent to the dose used in our study. Also, the dose and schedule of DAC we used are comparable with a dosage of 13 mg/m 2 as administered on the standard MDS schedule (20 mg/m 2 given for 5 days) and to the dose tested in a phase I trial combined with high-dose interleukin-2 that led to significant hypomethylation in patients with metastatic melanoma [14, 37] . In the current study, DAC at 0.15 mg/kg was well tolerated and led to the expected incidence of grade 4 neutropenia. Neutropenia lasted >7 days in only 18% of patients, and was associated with neutropenic fever in two patients. In general, neutropenia was asymptomatic and reversible without the use of growth factors. Full doses of TMZ were administered, dose modifications were infrequent, and allowed most patients to complete therapy safely.
The combination of DAC and TMZ was associated with improved antitumor efficacy and the trial reached the prespecified primary end point for efficacy based on an OR rate of 18% [90% CI 8% to 33%]. The median PFS was 3.4 months and the 6-month PFS rate of 32% was also modestly improved over that of TMZ in the standard schedule (Middleton et al. [8] ,18%, P < 0.0001) and in an extended schedule (EORTC [33] , 21% P < 0.0001). Most promising was the improvement we observed in OS here. Specifically, the observed median OS in the current study was 12.4 months and was significantly higher than 7.9 months in the Middleton study (one sample log-rank test, P value = 0.003), and 9.2 months observed in the more contemporary EORTC trial (P = 0.02). This OS benefit is unlikely to be due to post-protocol therapy, since only two patients in this cohort ever received ipilimumab after completing 9 months of TMZ in the present study and none received vemurafenib. In order to account for this, we examined the 1-year OS rate: this was significantly higher at 54.5% compared with the landmark of 25% derived from the Korn meta-analysis of prior phase II trials [16] . 
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Patient selection in a non-randomized phase II trial limits the extrapolation of results; however, our patient population exhibited multiple features expected to result in poorer outcomes. For instance, both the UK and EORTC trials excluded patients with CNS metastases; yet 42% of the phase II patients in this study had prior CNS metastases. In the Korn meta-analysis, visceral disease (M1c) and compromised ECOG PS >0 have been established as adverse prognostic factors. Visceral disease was present in 88% of our patients and 70% had PS = 1. A reconstructed historical control survival analysis based on the Korn data showed an expected 1-year OS rate of only 16% for our patient population, with significant improvement in OS observed in our study (two-sided P value = 0.003, Table 2 ). This may be an underestimation for patients with brain metastases treated with modern stereotactic radiation approaches, but is still substantially lower than the survival observed in our study [38] .
We have considered the theoretical consideration that DAC may potentially lead to hypomethylation of the MGMT promoter, increased MGMT levels, and ultimately affect the chemotherapy outcomes adversely. However, MGMT protein levels have been shown to be suppressed by >70% with only 2 weeks of low-dose daily TMZ, and therefore 4 weeks of continuous administration would make the contribution of any potential MGMT expression induced by DAC rather negligible. It should be noted that low MGMT levels have been reported to manifest clinically as neutropenia, while higher MGMT levels are likely to be protective from myelosuppression. While MGMT levels were not assessed in our study, they are unlikely to have been elevated given the observed neutropenia and the greatly improved clinical outcome.
The TMZ plasma exposures observed in this study concord with the literature [39] . The observed volumes of distribution differed from those predicted, and the half-life calculated from the clearance and volume of distribution was altered from the expected. However, the differences were small, and do not affect the total exposure and the observed statistical difference is, therefore, not considered relevant. The clearance and distribution volumes for DAC observed in this study were also similar to the values reported in the literature [40] . Based on the PK analysis, there is no indication that DAC increased exposure to TMZ and therefore, this benefit cannot be ascribed to higher alkylator effect.
Our hypothesis that the improvement in TMZ efficacy is mediated by an effect upon DNA repair genes was not substantiated by the PD data with the caveat that the sample size for PD analysis was limited. This limits our ability to conclude that the combination exerted this favorable effect through dual DNA repair modulation, as we hypothesized. Other mechanisms can also be involved including immunemediated mechanisms as the patterns of response and clinical benefit are reminiscent of immune therapy with ipilimumab. There is emerging evidence that chemotherapy with agents such as TMZ may improve chemokine expression and increase lymphocyte infiltration into tumors [41] . DAC has been recognized for its ability to re-express cancer testis antigens (CTA) and the combination may have synergized at that level [42] .
conclusion
We have conducted a phase I/II clinical trial with DAC combined with extended-schedule TMZ for patients with metastatic melanoma. This is, to our knowledge, the first reported dual DNA repair inhibition that has been reported in the clinic. A recommended phase II dose in combination has been associated with improved clinical outcomes: response rate, clinical benefit rate, median PFS, and median OS were all improved. The results of this trial warrant further exploration and confirmation in a randomized multicenter setting. 
